ABSTRACT A comparative analysis of the temperature dependence of energytransducing reactions in spinach (Spinacia oklwea) chloroplasts and their sensitivity for uncouplers and energy-transfer inhibitors at different temperatures is presented. Arrhenius plots reveal two groups of transitions, around 19°C and around 12C. Activities that show transitions around 19°C include linear electron flow from water to ferricyanide, its coupled photophosphorylation, the dark-release of the fluorescent probe atebrin, and the slow component of the 515 nm (carotenoid) absorbance decay after a flash. The transitions around 12°C are observed with pyocyanine-mediated cyclic photophosphorylation, light-and dithioerythritol-activated ATP hydrolysis, the dark-release of protons, and the fast 515 nm decay component. It is suggested that both groups of temperture trnsitions are determined by proton displacements in different domains of the exposed thylakoid membranes. The effects of various uncouplers and an energy-transfer inhibitor are temperature dependent. Some uncouplers also show a different relative inhibition of proton uptake and ATP synthesis at lower temperatures. The efficiency of energy transduction (ATP/e2) varied with temperature and was optimal around 10°C.
The investigation ofthe temperature dependence ofthe partial reactions involved in photosynthetic energy transduction is important from both applied and fundamental viewpoints. The flexibility of plant species in their adaptation to different environmental temperatures may be limited by a single partial process. Discontinuities in the rates of electron transfer and energytransducing reactions as functions of temperature have been correlated with growth temperature (5, 14, 20) , their relative sensitivity to environmental temperatures (16, 20) , and acclimatization (20) . More recently, Nolan and Smillie (17) and Nolan (18, 19) argued that such discontinuities, although characteristic for different plant species, are not necessarily correlated with chilling-sensitivity. From these and many other studies (2-5, 7, 11, 1-7-19, 27-30) , one arrives at the conclusion that discontinuities observed in the Arrhenius plots of energy-generating and energy-utilizing activities are caused by a general temperature effect on the physical state of the photosynthetic 'Supported in part by the Foundation for Biophysics with financial aid from the Netherlands Organization for the Advancement of Pure Research (ZWO).
(thylakoid) membrane lipid-protein structures, not necessarily by specific lipid phase transitions.
Such studies are also of fundamental significance since they contribute to further resolution of sequential and parallel energytransducing events. Much information is available on temperature dependence of partial energy-transducing reactions such as photophosphorylation (7, 12, 13) , proton translocation (7, 19, 27, 30) , delayed light emission (6) , redox reactions of Cyt b-559 (12, 29) , the electric potential-indicating carotenoid absorbance change at 515 nm (3, 14, 28) , and the responses of paramagnetic probes (2, 16) and the fluorescent 'energy probe' atebrin and other aminoacridines (7; see also 8, 9) . Torres-Pereira et al. (26) have correlated a light-induced decrease of dielectric constant with an increased protein clustering in thylakoid membranes. All of these partial reactions show discontinuities in the Arrhenius plots. In spinach thylakoid membranes, these occur between 20 and 10°C. Different transition temperatures, observed for membrane processes within the same plant species, may be due to differences in integrity of the isolated membranes and incubation conditions (e.g. ionic and osmotic strength, pH, Mg2' concentration, etc.). Moreover, the cited literature contains some inconsistent results on the change of activation energy around the transition temperatures ( 19, 27) and on the effects of uncouplers (5, (16) (17) (18) and linear or cyclic electron transfer mediators (5, 7, 12, 16-19, 25, 27) on the occurrence of discontinuities.
Since these studies, using a variety ofplant species and reaction conditions, do not allow an unambiguous comparison of the results on -the nature and position of the transitions, further experiments under comparable conditions seem to be needed. In this paper, we report on the temperature dependence of electron transfer, linear and cyclic photophosphorylation, the efficiency ofenergy conservation (ATP/e2 ratio), ATP hydrolysis, the darkrelease of protons and atebrin, and the decay ofthe flash-induced 515 nm absorbance transient. In addition, we have studied the effects of uncouplers and energy-transfer inhibitors on proton uptake and ATP synthesis at different temperatures.
MATERIALS AND METHODS
Chloroplasts (envelope free) were isolated from fresh market spinach (Spinacia oleracea L.). Washed deveined leaves (40 g) were cut into small pieces and homogenized by a cavitation disperser (IKA Ultra-Turrax with 18 N shaft) for 2 times 2 s at maximal speed in a medium containing 300 mm sucrose, 30 mM Tricine, and 5 mM MgCl2 (final pH 7.3). The slurry is filtered through four layers of perlon net (mesh width, 56 Mm) and centrifuged for 3 min at 3000g. The chloroplasts were broken by suspending the pellets in 1 ml 10 mM MgCl2 for 1 min after which I ml of 600 mm sucrose and 60 mm Tricine (pH 7.3) was added.
The standard reaction medium contained 50 mm NaCI, 50 mM KCI, 3 mM MgCl, 3 mM KH2PO4, and 15 mM Tricine buffer (pH 8.0); the Chl concentration was 15 to 30 ,g Chl ml-'. ATP synthesis was either measured by enzymic determination of glucose-6-P after stopping with HC104 and neutralization with KOH or by monitoring directly the associated pH changes (15) ; in the former case, the medium contained 5 mM glucose and 1 mM ADP; in the latter case, 1 mM ADP and 2 mm Tricine. ATP hydrolysis was measured by the pH changes (15) in light-and DTE3-preactivated chloroplasts prepared according to ( 1) . Proton uptake and release were also measured in a weakly buffered medium (2 mm Tricine); the pH electrode used is described in (10) . Further additions are indicated in the legends to the Figures. Atebrin fluorescence was monitored with 420 and 500 nm as excitation and emission wavelengths, respectively, with a laboratory-built fluorimeter.
Most experiments were carried out in a thermoelectrically controlled multipurpose cuvette ( 1.8 ml) as described before (10) Figure 1A . We invariably found that this activity showed a discontinuity at about 19°C in the absence of an uncoupler, at variance with earlier results from Nolan and Smillie (16) who seemed to require uncoupling conditions for the discontinuity to appear (see, however, 5, 17, 18). In the presence of the potent uncoupler S-13, the break in the Arrhenius plot disappears. Under phosphorylating conditions, this break also disappears. Similar results were found when diquat or methylviologen were the terminal electron acceptors (not shown). As shown in Figure 1 B, ATP synthesis, driven by linear electron flow shows a break at a similar temperature (20C), which is apparently not caused by a transition in the rate of electron flow (Fig. IA) . A breakpoint at about 18°C for both initial and steady state photophosphorylation is reported by Meier and Bachofen (13) . In the presence of S-13, the discontinuity disappears as in uncoupled electron transfer. It has been suggested that the redox reactions between PSII and PSI, involving plastoquinone, are particularly sensitive to a membrane phase transition (4, 30) and that the PSI-containing exposed thylakoid membrane domains are more fluid than the PSII-containing appressed membranes (2) . Consequently, one would expect that cyclic electron transfer, only involving PSI (mediated by pyocyanine or PMS) shows a discontinuity at a lower temperature or no discontinuity at all. plant with the Fd: NADPH oxidoreductase. In our experiment, this native component is by-passed and the occurrence of the discontinuity could therefore be ascribed to PSI, its primary donor and acceptor and possibly to the artificial electron mediator pyocyanine.
The membrane-bound ATPase complex, exclusively located in the exposed thylakoid domains, can be activated for ATP hydrolysis by light in the presence of DTE, and its activity remains under control of the membrane-energized state induced by ATP hydrolysis (1, 24) . Figure IC shows that this reaction also shows a discontinuity (at about 16°C), whereas the uncoupler-stimulated reaction does not.
Effects of Uncouplers and Energy-Transfer Inhibitors on Energy-Linked Functions at Different Temperatures. From Figure  1 , it is obvious that the effect of the uncoupler S-13 is different 74, 1984 above and below the various transition temperatures. These differences may arise from a multitude of causes. Besides the release of certain-limiting steps, uncouplers may have different accessibilities to their targets in dependence of the membrane state, and their effects on different energy-linked processes (e.g. proton translocation and ATP synthesis) may show a different temperature dependence. In Table I , the inhibiting potencies of some uncouplers and energy-transfer inhibitors on cyclic photophosphorylation at 8, 18 , and 28°C are listed. Concentrations were chosen that gave about 50% inhibition at 1 8°C. The effects of the uncoupler FCCP and energy-transfer inhibitor DCCD are rather temperature-independent, but the potent uncouplers S-13 and SF-6847 and the weak 'uncoupler' NH4Cl are less effective at lower temperature. Dio-9 inhibition is most pronounced at 1 8C in Table I ; it inhibits optimally at 21°C (not shown). Thus, in using these or similar compounds in temperature dependence studies, their possible temperature-dependent potency is noteworthy. Large excesses of these compounds always give maximal inhibition at all temperatures, but these should be avoided because of aspecific side effects. More importantly, their effect on ATP synthesis and H+ utpake is very different at the lower temperatures. This is shown for the uncouplers S-13 and SF-6822 in Figure 2 . For S-13, there is a striking difference in its effect at low concentrations on ATP synthesis and the extent of proton uptake; at 6 and 12C, proton uptake is much more resistant than ATP synthesis. For SF-6822, this difference is less pronounced.
In earlier studies (7, 8) , we have shown that the fluorescent uncoupler ofphotophosphorylation atebrin offers a useful energy probe in the sense that its binding (and fluorescence quenching) titer is proportionally related to the rates of electron transfer or ATP hydrolysis (i.e. 'energy pressure'). On lowering the temperature, its light-induced interaction with the chloroplast membrane is hardly retarded, whereas its dark release is drastically slowed down (7) . However, its release at low temperatures is strongly enhanced by addition of a second uncoupler which suggests that energy dissipation was indeed slowed down. Figure  3 shows the titration of ATP synthesis with atebrin and its corresponding fluorescence signals at different temperatures. On lowering the temperature, ATP synthesis becomes less sensitive to atebrin and the binding saturations correspond to the concentrations giving almost full inhibition at the different temperatures. The higher saturating atebrin concentrations than those shown earlier (8) are due to the higher ionic strength of the medium used here. These and earlier (7, 8) experiments suggest the existence of a relatively efficient energy coupling at lower temperatures although this is not directly obvious from Figure  1 , A and B. We have therefore determined the ATP/e2 ratio at (7, 19, 27) and an artificially increased membrane viscosity was shown to decrease these rates (30) . Yamamoto and Nishimura (27) observed in spinach chloroplasts a break in the Arrhenius plot of proton efflux at about 20°C; but, in the presence of PMS, this break disappeared. Nolan (19) found in barley chloroplasts that discontinuities occur both in the absence and presence of this cyclic electron mediator, be it that in its presence the break is shifted to a lower temperature (I1 1.5 --*8.6°C). Figure 5 shows that in the presence of pyocyanine, proton release shows a discontinuity at about 14C. Under the same conditions, the dark release of the energy probe atebrin, present in low concentration, shows a clear break at 18 .5°C and possibly a second break at about 12°C; this latter break was not obvious in earlier experiments (7) using low-salt media. In any case, proton and Figure  2 , bottom experiments; the concentration of atebrin (not present in the H+ release experiment) was 10 Mm. On the ordinate, log10 of the overall rate constant (k) for H+ and atebrin (At) dark release after 2 min illumination is given. Figure 6 (right). Temperature dependence of fast and slow decay components of the flash-induced carotenoid absorbance transient. The reaction conditions and kinetic analysis (two-component fit) are described in (23) . The inset shows an example of the flash-induced absorbance transient (at 515-540 nm) at different temperatures.
atebrin release respond differently to temperature change.
The light-induced absorbance change at 515 nm, mainly due to a carotenoid electrochromic band shift, is commonly considered as an electrical potential indicator and the overall decay of the flash-induced transient was reported by Graeber and Witt to show a rate discontinuity at 1 8C (3). The transition temperatures observed in tomato leaves depended on the growth temperature (14) . Yamamoto and Nishimura (28) observed in spinach chloroplasts a discontinuity at 15°C; but, in addition, they showed that the dark recovery consisted of a fast and slow kinetic component below 15°C and was monophasic above 15°C. We have observed in broken chloroplasts at high ionic strength that computer-assisted deconvolution (23) of the 515 nm absorbance decay after a flash led to a best fit to two components between 2 and 28C. Figure 6 illustrates that the fast component, which is most likely associated with the primary charge separation in the photosynthetic reaction centers, shows a break at 10°C, while the slow component, associated with electron transfer-induced potential generation, shows rather a gradual transition between 20 and 10°C with possible breaks at about 18.5 and 12.5°C, or just at 1 8C, depending on how one prefers to draw the straight lines. Because of the variations between preparations and within one series of experiments, we feel that a best-fit analysis (16) does not produce more certainty in this respect. The position of the breaks in the Arrhenius plots found for uptake and release of protons and atebrin and for the 515 nm absorbance decay were not significantly changed by the presence or absence of the (2-7, 11, 13, 14, 19, 26-29) .
In comparing the discontinuities observed here, we can roughly distinguish two groups of transition temperatures, one around 19°C and one around 12°C. The transitions around 19°C are observed with linear electron flow and ATP synthesis coupled to it (Fig. IA) , the light-induced atebrin binding (7) , its dark-release (Fig. 5) , and the dark relaxation of the slow component of the 515 nm absorbance decay (Fig. 6 ). It has been suggested earlier that electron transfer involving plastoquinone is rate-limiting because of its necessary lateral diffusion from the appressed PSII- containing membrane domains to the exposed PSI-containing domains (30; see also 4). Electrostatic interaction of atebrin and other aminoacridines with the membranes is very likely dependent on surface-exposed negative charges of membrane proteins (9) A decreased thermal motion causes a more compact ionic double-layer around the surface so that less charge extends into solution. If one accepts the reasonable assumption that the exposed chloroplast surface is neither homogeneous nor flat and that the fixed surface charges are discrete (in 'patches') rather than smeared out, it is very plausible that subtle changes of pH and Mg2' may cause local changes of the physical state of the membrane. Hence, the activities present in the same membrane could show different phase transitions. The position of these transitions will be easily influenced by the composition of the membranes (difference between plant species and at different growth temperatures), the condition of the membrane after isolation, and the incubation conditions. Uncoupling of energy transduction causes the disappearance of the discontinuities observed in the Arrhenius plots of electron transfer and ATP hydrolysis (Fig. 1) suggesting that the involvement of proton displacements is indeed related to the observed transitions. Various uncouplers and energy-transfer inhibitors behave differently at different temperatures (Table I) . This probably relates to their different ability to penetrate the ionic doublelayer and/or lipid solubility. Uncouplers like atebrin and probably also NH4+ will directly participate in surface electrostatic screening. The fact that some uncouplers show a different effect on presumably coupled reactions like proton uptake and ATP synthesis at different temperatures (Fig. 2) suggests that the primary targets of uncouplers are not necessarily identical. Further studies ofthese differential effects on energy-linked reactions at lower temperatures may increase our knowledge ofthe energycoupling mechanisms of energy-conserving membranes in general.
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